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ABSTRACT
Chicks were used in a series of studies designed to
examine the molar ratios of ironrgossypol required for
gossypol inactivation.

Gossypol acetic acid or cottonseed

meal was fed as a source of gossypol.
as ferrous sulfate heptahydrate.

Iron was supplied

Four week weight gain,

feed conversion and gossypol excretion patterns were used
as criteria to measure the responses.
Weekly feed analyses revealed a continual loss of
gossypol in all trials.

The greatest loss appeared to

occur during or soon after mixing of the feed.

Gossypol

appeared to be more stable when supplied as cottonseed meal
than when supplied as gossypol acetic acid.

No evidence

to indicate binding of gossypol by iron in the ration was
observed.
Increasing the dietary gossypol level from zero to BOO
ppm, at increments of 200 ppm, resulted in a reduction of
weight gain with each increase of dietary gossypol.

The

greatest reduction in weight gain occurred when cottonseed
meal was used to supply gossypol.
rations

Addition of iron to

containing gossypol resulted in a significant im

provement in weight gain.

No improvement was noted as a

result of increasing the ironrgossypol molar ratio above 1:1
and B:1 for rations containing gossypol acetic
cottonseed meal, respectively.
vii

acid or

There was a decrease in free gossypol excretion and an
increase in bound gossypol excretion per gram total gossypol
consumed as a result of adding iron to rations containing
gossypol.

For rations containing gossypol acetic acid, a

molar ratio of iron:gossypol of 4 d
inactivation.

yielded maximum gossypol

An iron:gossypol molar ratio of 8:1 was required

for maximum gossypol inactivation for rations containing
cottonseed meal.

viii

INTRODUCTION
For many years cottonseed meal has been used primarily
in rations for ruminants.

It has not been used as a major

source of protein for monogastric animals primarily because
of the presence of the toxic material gossypol.
I

t

Gossypol

T

(1,1 , 6,6 , 7,7 -hexahydroxy-3, 3'-dimethyl-5, 5 !-diisopropyl-2,
2'-binaphthyl-G, 0'-dialdehyde) is a yellow, polyphenolic
pigment found primarily in the pigment glands of cottonseed.
Among the more predominant undesirable effects of gossypol
are retarded growth of broilers and egg yolk discoloration
in laying h e n s .
Any increase in the use of cottonseed meal in poultry
rations is dependent upon the successful removal or inacti
vation of gossypol.

Attempts to remove gossypol from cotton

seed meal have attained varying degrees of success.
Inactivation of gossypol has long been recognized as a
means of preventing gossypol toxicity.

The more successful

attempts to inactivate gossypol have been attained by the
inclusion of soluble iron salts in rations containing cottonseed
meal.

Data suggest iron combines with gossypol, forming an

insoluble iron-gossypol complex and preventing gossypol absorp
tion.

This series of experiments was designed to obtain

information on the molar ratio of iron:gossypol required for
gossypol inactivation.
1

REVIEW OF LITERATURE
The earliest recorded statements on the harmful effects
of cottonseed are attributed to Voelker in England in 1859.
In 1889, Marchlewski purified a yellow polyphenolic pigment
from cottonseed oil ''foots'1 which he named gossypol.

However,

he was interested in this pigment as a dye and made no mention
of its physiological properties.
Gossypol was first identified as the toxic principle in
cottonseed by Withers and Carruth (1915).

Gossypol,

extracted

from cottonseed kernels, was found to be fatal to rabbits.
The authors suggested that methods of rendering gossypol non
toxic would depend upon extracting gossypol or changing it to
physiologically inert forms by oxidation or precipitation.
From these reports there emerged three distinct areas of
research:

first, the physiological effects of gossypol;

second,

attempts at removal of gossypol from cottonseed products; and
third, inactivation of gossypol.

This review of literature is

divided into these three areas.
Physiological Effects of Gossypol:
The physiological effects of gossypol have been the subject
of numerous reports.

Schwartze (1924) studying cats and rabbits

observed a loss in appetite, paralysis with nerve degeneration,
shortness of breath,

cardiac hypertrophy, edema of the. lungs

and an effusion into the serous cavities as a result of gossypol
toxicity.
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The effect of gossypol on liberation of oxygen from
sheep erythrocytes was investigated by Menaul (1923).

Gossypol

caused a reduction in liberation of oxygen and the author pro
pounded death was caused by gossypol reducing the oxygen-carrying
capacity of blood.
Eagle (1949) reported on the effect of repeated doses of
gossypol on the dog.

Gossypol caused a marked depression in

body weight and food intake with immediate recovery of both
after withdrawal of gossypol.

Gossypol was fatal to several

dogs and all dogs which died manifested lassitude, diarrhea,
anorexia and weight loss.

Post-mortem examinations showed

congestion of the splanchnic organs, marked gastroenteritis,
hydrothorax, edema of the lungs and moderate to large amounts
of fluid in the pericardium.
The primary lesions of gossypol poisoning on the pig as '
reported by Smith (1957) were congestion and edema resulting
from myocardial injury.

Edema was especially predominant in

the lungs and body cavity.

The liver was severely congested

and destruction of all but the most peripheral parts of the
hepatic cords occurred.

Interference with oxidative processes

was suggested as the fundamental mechanism in all cases.
Ridgon et al.

(195&> 1959) found that hemolytic anemia

develops in chickens fed gossypol and a ceroid-like pigment
appears in the duodenal villi and the sinusoids of the liver
and spleen.
In 1959, Ferguson,

Couch and Rigdon reported on the histo-

pathology of chickens fed gossypol or cottonseed pigment glands.
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In chicks, chronic toxic symptoms included leg weakness,
edema, enlarged gall bladder, reduced food intake, emaciation,
poor growth, erythropenia, hemolytic anemia, and occasionally
fluid in the pericardial and peritoneal cavities.

The fre

quency of such conditions increased as the level of free
gossypol increased.

For laying hens, reduced food intake,

decline in body weight and a reduction or cessation in egg
production occurred when gossypol glands were included in the
diet.
In 1891, Roberts and Rice noted that discolored egg yolks
were produced by hens fed rations containing cottonseed.
1934, Schaible _et al.

In

concluded that either free or bound

gossypol was the olive yolk factor in cottonseed meal.
Conclusive
Upp

evidence was presented by Swensen, Fieger and

(1942) that gossypol is the factor responsible for the

formation of olive egg yolks when hens are fed rations contain
ing cottonseed meal.

Data showed the olive color was due to

the combination of gossypol from the cottonseed meal with
ferric iron released from the yolk protein.

Gossypol was

absorbed without chemical change from the intestine and was
present as such

in the egg.

Heywang, Bird and Altschul

(1950) reported the effect of

gossypol on egg weight and hatchability.

Pure gossypol was

fed at levels of 0.012%, 0.024% and 0 .036% of the diet.

Gossypol

had an appreciable adverse effect on hatchability and egg weight
when mixed in the diet at the 0.024% and 0.036% levels.
effect was noted for the lower level of gossypol.

No

Hatchability

and egg weight returned to normal when gossypol feeding was
stopped.

These same authors (Heywang et al. , 1955) used several
sources of gossypol to supply free gossypol levels varying
from 0.001% to 0.00$% of the diet for laying hens.

The per

cent of eggs with discolored yolks increased as the free
gossypol content of the diet increased.
In a later report by Heywang (1957), lower levels of free
gossypol were investigated.

Eggs were stored for 6 months at

35°F and egg yolk discolorations noted.

At all levels of

gossypol (0.00025 to 0.001%) some egg yolk discoloration was
noted.

The percent eggs with discolored yolks ranged from 2

to 25% when gossypol was supplied as raw cottonseed and from
9 to 22% when screw-press cottonseed meal supplied the gossypol.
Chicks were used by Couch et al.

(1955) to evaluate the

toxicity of different levels of gossypol (0.02% to 0.15%) when
supplied as pigment glands and as prepress solvent-extracted
cottonseed meal.

Levels of 0.06% gossypol or below were not

toxic to the growing chicks to 6 weeks of age.

Feed conver

sion increased when free gossypol exceeded 0.06% of the diet.
Heywang and Bird (1955), using raw cottonseed and hydrau
lic cottonseed meal, noted a decrease in weight of chicks when
free gossypol levels increased from 0.016% to 0.030% of the
diet.

Levels above 0.03% produced even greater reduction in

average weight.

Data indicated that dietary free gossypol

should not exceed 0 .016% when fed to White Leghorns or 0.020%
when fed to New Hampshire chicks.

Mortality was not a factor

at any level of free gossypol fed.
Lower levels (0.00$% to 0.030%) of free gossypol were
reported by Heywang and Kemmerer (1966).

Raw cottonseed
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excreted a significant depression on growth when fed at the
0.030$ level.

Ruptured glands had no effect at any level of

free gossypol fed.

Pure gossypol had a significant effect

at all levels fed and was considered to be the most toxic of
all sources fed.

Growth depression increased as the dietary

level of free gossypol increased.
Removal of Gossypol:
Removal of gossypol from cottonseed through selective
breeding for a reduced number of pigment glands has been the
object of several reports.

Hopi cotton was reported by Lewton

(1912) and Fulton (193$) to have variable numbers of pigment
glands in the boll.
glandless cotton.

Hopi cotton, however, was not a completely
McMichael (1959) crossed Hopi moencopi with

upland cotton and by selecting for glandless seeds was able
to develop a true breeding glandless seeded strain which had
essentially zero gossypol analysis.
Destruction of gossypol by heat and moisture was studied
by Gallup (1927).

Heat in a dry condition effected a change

in the form of gossypol, but only slowly reduced its toxicity.
Autoclaving destroyed the gossypol and produced a non-toxic
product.
A reduction in the nutritive value of proteins was noted
by Olcott and Fontaine (194-1, 1942) as a result of autoclaving
cottonseed.
Boatner and Hall (1946) and Yix et al.

(1947) suggested

two methods for processing cottonseeds to reduce the gossypol
content of the meal.

The first method was the use of solvents

which rupture the pigment glands and extract the oil containing
essentially all of the pigments of the seed.
a gland flotation process.

The second was

Pigment glands were effectively

removed by the flotation procedures; however, gossypol present
outside the pigment glands was not removed.
Dechary et al.

(1952) used various organic solvents, polar

solvents and solvent-water mixtures for extraction of gossypol
and related compounds.

Of the solvents tested, butanone-water

mixture containing 10% water by volume was the most effective.
Removal of free gossypol from cottonseed meals by extrac
tion was reported by King and Frampton (1961).

Continuous

extraction for 21+ hours with acetone-hexane-water (A:H:W)
(53 :A-3 -3) mixture resulted in removal of virtually all of the
unbound gossypol.

In evaluation of cottonseed meals extracted

by this procedure, Johnston (i960 ) and Mann et al.

(1962)

reported the A:H:W extracted meals were superior to commercial
extracted meals in growth-promoting capacities with chicks.
Johnston also reported that autoclaving after A:H:W extraction
reduced the nutritive value of glanded meals.
Meinke and Riser (1962 ) used an air classification proce
dure for removal of cottonseed pigment glands.

Data supported

the premise that mechanical work could be done on both the raw
kernels and hexane extracted meal without causing excessive
rupture of the pigment glands and thereby producing a yield
of 50% cottonseed flour of less than 0.10% free gossypol.
Extraction of air classified samples with a polar solvent
(80% aqueous isoproponal) reduced the free gossypol values;
however, appreciable total gossypol remained.

Chlorine

treatment effectively reduced both free and total gossypol
in air classified samples devoid or essentially devoid of
pigment glands.
Inactivation of Gossypol:
Prevention of cottonseed meal injury by dietary supple
mentation was first reported by Withers and Brewster (1913)*
A solution of citrate of iron and ammonia was added to a
cottonseed meal diet for rabbits.

Iron was effective in

overcoming the toxic effects where they had occurred and
prevented their appearance if fed beforehand.
Withers and Carruth (1917) demonstrated a decidedly bene
ficial effect in preventing cottonseed meal injury to pigs
by feeding iron salts.

Soluble iron salts were effective in

preventing gossypol toxicity to rats whether given in the diet
or in the drinking water (Olcott, 1948).
Ferric oxide was of no value in counteracting the toxic
effects of gossypol in albino rats (Gallup, 1928).

Ferric

citrate and ferrous ammonia sulfate, when.present in amounts
to furnish three grams of iron per gram of gossypol, were
equally effective in allowing the animals to make near normal
growth.

He suggested iron prevented gossypol toxicity by

combining with gossypol to form an insoluble compound.
Ferrous sulfate was effective in preventing yolk-spotting
and small egg size which results from feeding gossypol (Schiable
et a l . , 1934).

The beneficial effect was proportional to the

gossypol content of the cottonseed meal used.
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Gallup and Reder (1935) observed that 1.2% calcium in
the ration permitted rats to grow at nearly normal rates when
relatively high levels (0.0525%) of gossypol were present.
Swensen et al.

(1942) conducted gossypol analyses of

feed and feces for laying hens fed cottonseed meal with vary
ing amounts of ferric chloride.

Gossypol absorption was

prevented by feeding ferric chloride.

When the diet contained

0 and 0.5% levels of ferric chloride, 39*2 and 94*0%, respec
tively, of the total gossypol consumed was present in the feces.
Feed and feces analysis for gossypol were also conducted
by Carruth (1947) after feeding cottonseed meal to rats.

Of

the bound gossypol consumed, $6% appeared in the feces.
Heywang and Bird (1952) reported on possible inactivation
of gossypol by the amino group of several compounds and by
sardine meal.

Gossypol from cottonseed meal and raw decorti

cated seed was not inactivated by the amino group of DL-lysine,
glycine, 1-3 diaminopropanol or urea nor by any component in
sardine meal.
Fletcher et al.

(1953) reported that birds receiving

cottonseed meal diets with ferrous sulfate produced consider
ably fewer eggs with discolored yolks than those without ferrous
sulfate.
Eagle et, al.

(1954) conducted a series of test on detoxi

fication of cottonseed by salts or alkalies.

The best detoxify

ing effect was obtained by sodium hydroxide closely followed
by potassium and ammonium hydroxides.
least effective.

Calcium hydroxide was
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Addition of one percent DL-lysine*HC1 to cottonseed meal
diets for chicks produced increased weights but did not
increase the chicks tolerance for gossypol (Couch _et al ., 1955)*
Alfalfa leaf meal had little effect in preventing egg
discolorations in either fresh eggs or eggs after storage for
several months (Heywang et a l . , 1955).
Ferrous sulfate, at levels of 0.025% and 0.50%, was not
effective in preventing the olive egg syndrome in eggs (Heywang,
1957)*

Some eggs exhibited yolk discoloration when 0.50%

ferrous sulfate was fed in a diet with only 0.002% free gos
sypol.

The percentage of eggs with discolored yolks did not

appear related to whether ferrous sulfate was added to the
diet dry or dissolved and sprayed on the diet.
Narain et al.

(I960) tested protein levels of 17%» 21%,

and 42% for their effectiveness in preventing gossypol toxicity.
At all levels of free gossypol,

chicks showed superior growth

on the 42% protein diet as compared to the 21% protein diet.
Weight gains decreased with increasing levels of free gossypol
at all protein levels.
Smith and Clawson (1966) concluded that injected iron was
not effective against dietary gossypol.

Ferrous sulfate added

to diets for swine containing 244 and 400 ppm free gossypol at
the ratio of 0.5:1 iron to gossypol gave partial detoxification
and a 1:1 ratio gave complete detoxification.
Bressani et al.

(1966) reported that addition of calcium

and iron to cottonseed flour inactivated gossypol.

The inacti

vation effect was enhanced when both were added together, than
when either was present alone.

Use of ferrous sulfate in cottonseed meal rations for
growing chicks partially alleviated the growth depression
from rations containing high levels of free gossypol (Hopkins
and Chilson, 1966).

High levels of iron (3420 and 6840 ppm)

depressed bone ash.
Kemmerer at al.

(1966) reported that yolk discoloration

in cold stored eggs caused by gossypol was prevented to a
large extent by addition of ferrous sulfate to rations for
laying hens.
Zimmerman et, al.

(1966) reported effective gossypol inacti

vation by feeding ferrous sulfate to laying hens.

No clearly

defined detrimental effects were noted from feeding 3520 ppm
iron in the form of ferrous sulfate.
Olcott (1948) fed diets containing an ether extract of
cottonseed to rats.
to gain weight.

They lost weight for five days then began

Results indicated the toxic factor had disap

peared during storage.
Heywang et al,

(1952), investigated the disappearance of

pure gossypol from mixed diets.

Most of the gossypol mixed

with a diet at levels of 0.012, 0.024 and 0.036% was undetectible
by chemical tests after standing for several days.

Data from a

feeding experiment with laying hens were in good agreement with
the chemical test in that they indicated most of the gossypol
had been destroyed or inactivated within 144 hours after mixing
in the diet.
Time and temperature as effecting gossypol disappearance
were investigated by Kupperman and Karon (1955)-

Storage of

meals at temperatures of 3-5°C up to 90 days did not result
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in any loss of free or total gossypol.
temperatures

Storage at higher

(2$, 37 •5 or 60°C) appeared to cause a decrease

in free gossypol content.

After mixing gossypol with mixed

diets, only 40 to 60% of the added gossypol remained as free
gossypol and after storage for 14 days only 10-30% was present.
Recovery of total gossypol ranged from 43 to $0% from mixed
diets.
Jonassen and Demint (1955), measured the combining ratios
of gossypol and ferrous iron.

Conductometric analysis, poten-

tiometric titrations and absorption spectrums all indicated
a combining ratio of

1:1 for gossypol and iron.

Ashing

procedures of ferrous gossypolate yield 9*69% iron as compared
to a theoretical value of 9-73% iron from ferrous gossypolate
in a 1:1 ratio.
Similar analyses were conducted by Muzaffaruddin and
Saxena (1966).

Their data also indicated one mole of ferric

ion combines with one mole of gossypol to form the iron gossypol
complex.

— •

More recently, Shiek _et al.

(196$) presented evidence to

indicate a 2:1 (i r o n :gossypol) combining ratio of iron and
gossypol.

An increase of ferrous ions above a 2:1 ratio of

iron:gossypol resulted in no change in the characteristic
absorption spectrum for the complex.

No colored complex ion

containing more than two moles of iron per mole of gossypol
was produced.

Potentiometric titration curves supported the

existance of a 2:1 ferrous:gossypol chelate.

Addition of three

moles of phosphate per mole of iron in the presence of a 1:1
ferric gossypol complex prevented polymerization and therefore,

precipitation of the ferric gossypol complex.

Varying amounts

of calcium were added to a ferrous and ferric gossypol chelate
in the presence of phosphate.

Ferrous gossypol was completely

removed from solution when calcium ions were added at a cal
cium .-phosphate molar ratio of 1.0 or greater; in the case of
ferric gossypol, about half of the complex was precipitated.
Free gossypol was formed from the ferric-phosphate-gossypol
complex when calcium is added.

EXPERIMENTAL PROCEDURE
These studies were conducted with straight-run broiler
type chicks purchased

from a commercial hatchery.

All

experiments were conducted in five deck, electrically heated,
battery brooders.
ten birds per pen.

Each deck was divided into two pens with
The day-old birds were wing-banded at

random, weighed and distributed into the experimental lots.
Feed and water were supplied ad libitum.
A randomized block type design was used with the restric
tion that one treatment could appear in only one battery or
on one deck.

Three replications were used and the significance

of the differences between means, was determined by Duncans
multiple range test or the analysis of variance (Steel and
Torrie, I960).

The observables were weight gain, feed con

version, mortality, gossypol stability in the ration, and
gossypol excretion.
The basal ration for trials I, II and III(Table I) was
a practical corn-soybean meal type diet which was calculated
to contain 21% protein and 1420 calories of metabolizable
energy per pound of diet.

The ration was found to contain

100 ppm iron by analysis.

For addition to the final rations,

gossypol and ferrous sulfate were premixed with corn and sub
stituted at the expense of corn.
isolated gossypol acetic acid.

Gossypol was supplied as
Ferrous sulfate was supplied

as technical grade ferrous sulfate heptahydrate.
14
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TABLE I
Composition of Basal Ration
Ingredients

Percent of Ration

Ground yellow corn

50.75

Soybean meal 50%

26.00

Fat (#2 tallow)

5.00

Fish meal 60%

5.00

Alfalfa leaf meal 17%

3 .00

Oyster shell flour

1.00

Dicalcium phosphate

2.00

Salt (NaCl)

0.25

Vitamin-mineral premix'*'

1.00

Fe S O ^ ^ ^ O

4.00

premix^

Gossypol premix^

2.00

TOTAL

Calculated analysis:

100.00

21% protein
1420 calories ME/lb.

-^Adds per kilogram finished feed:

6.6 mg. riboflavin,

13.2 mg. calcium pantothenate, 30.6 mg. niacin, 560 mg. choline
chloride, 5*5 IU Vitamin E, 746 ICU Vitamin Do, 26.4 meg.
Vitamin Bi2> 12.1 mg. terramycin, 7500 USP Vitamin A, 92.4 ppm
copper, 107.6 ppm zinc, 0.05% methionine and 300 mg. manganese
sulfate.
^ F e S O / ^ H g O mixed with ground corn and added to give the
desired level m the ration.
3Gossypol premix:
Gossypol acetic acid premixed with
corn and added in amounts necessary to give the desired dietary
level.
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For Trial IV, gossypol was supplied from a high gossypol
cottonseed meal.

This meal was found to contain 1.32% total

gossypol and 0.535% free gossypol by analysis.

Sufficient

cottonseed meal was added to give the desired levels of free
gossypol.

For these rations,

certain changes in soybean meal

and corn were necessary to maintain a 21% protein ration.

The

composition of these rations is given in Table I I .
For Trials II, III and IV, rations were mixed two days
prior to beginning the feeding trial.

Feed was stored in

metal lard cans and remained in the room which housed the birds
for the duration of the trial.

Three days after beginning the

trial, and at seven day intervals thereafter,

feed samples

were taken for free and total gossypol analysis.

The samples

were either analyzed immediately or frozen until analysis
could be performed.
At four weeks of age, weight gain and feed consumption
data were collected.

At this time two birds from each pen

were transferred into metabolism cages for excreta collections.
Chromic oxide, as chromic oxide bread, was added to each ration
as an indicator material.

Feed was withheld for a 24 hour

period after which the birds were given the same ration on
which they were reared.

Excreta collections were started 12

hours after the birds were placed back on feed.

Samples of

total excreta were taken twice daily for three days and com
posited into a single sample.

Samples of both feed and excreta

were frozen until chemical analysis could be conducted.
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TABLE II
Rations for Trial IV
Percent of Ration
Ingredients
Basal

Number

1

2

3

Ground yellow corn

52.75

51.75

50.63

50.75

Soybean oil meal

26.00

19.53

16.91

13 .06

Cottonseed meal^

---

7.47

11.21

14.94

Fat (#2 tallow)

5.00

5.00

5-00

5.00

Fish meal, 60%

5.00

5.00

5.00

5.00

Alfalfa leaf meal 17%

3.00

3.00

3 .00

3.00

Oyster shell flour

1.00

1.00

1.00

1.00

Dicalcium phosphate

2.00

2.00

2.00

2.00

Salt (Na Cl)

0.25

0.25

0.25

0.25

1.00

1.00

1.00

1.00

4.00

4.00

4.00

4.00

100.00

100.00

100.00

100.00

Vitamin premix
FeS0Zj_-7H203
TOTAL

p

4

^Cottonseed meal analyzed to contain 0.535% free gossypol,

1 .32% total gossypol and 43% protein.
p

^Vitamin premix - same as given in Table I.
3FeS0, * 7 ^ 0 - premixed with corn and added to supply the
desired level of iron.

IS
Chemical analysis for the various materials were conducted
by the following procedures.
(1)

Free and total gossypol were determined according

to the procedure of the American Oil Chemist Society (1967 ).
A Beckman DU spectrophotometer was used to determine absorbancy of the samples.
(2)

Iron analyses were made using a Perkin-Elmer 290

atomic absorption spectrophotometer.

The procedure followed

was that described in Analytical Methods for Atomic Absorption
Spectrophotometery by Perkin-Elmer (1964 ).
(3)

Chromium analyses in Trial II were made using a

Perkin-Elmer 290 atomic absorption spectrophotometer and the
procedure as described in Analytical Methods for Atomic Absorp
tion Spectrophotometery by Perkin-Elmer (1964 ).

For Trials

III and IV, chromium analyses were made by activation analysis
procedure.
Accurately weighed samples of feed and feces were irra
diated at the Frank H. Neely Nuclear Reactor Center at Georgia
Institute of Technology.
geneous heavy-water,

The reactor was a G.T.R.R.

hetero

cooled and moderated reactor using one

mega watt radiation and an M.T.R. type fuel element.

A multi

channel analyzer was used for counting chromium as Cr^l,
Potassium dichromate was used as a standard reference material.
(4 )

In Trial I, four birds from each replication were

sacrificed and the tibiae removed for bone ash determination.
All adhering tissue was removed by clipping with scissors
and rubbing the bones until clean with cheesecloth.

The
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bones were then dried at 100°C for 12 hours and extracted
for 12 hours with ethanol followed by ether extraction for
12 hours.

Percent ash was determined for the fat-free, mois

ture free tibiae by ashing at 650°C for 12 hours.

TRIAL I
Results and Discussion
The danger of excessive iron feeding has long been reco
gnized.

Too much iron may cause rickets even when the ration

has ample calcium, phosphorus and Vitamin D.

This undesirable

effect is a result of iron combining with phosphorus to form
and indigestible iron phosphate.

Rickets results from the

reduced phosphorus availability.
Before studies were conducted using iron to inactivate
gossypol,

it was felt necessary to determine the effects of

iron itself on the observables to be used in future irongossypol studies at this laboratory.

Therefore, this trial

had as its objective the determination of toxic effects of
iron at levels equal to and above those to be used in future
iron-gossypol studies.
The basal ration (Table I) was analyzed and found to con
tain 100 ppm iron.

Ferrous sulfate heptahydrate was added to

this ration to supply from zero to 3000 ppm added iron at
increments of 500 ppm.

In addition to weight gain and feed

conversion, percent bone ash was used as an observable.
Results of this trial are presented in Table III.

There

was found a numerical decrease in weight gain with increasing
levels of iron; however, the differences were not statistically
significant up to 2000 ppm added iron.

Iron levels above 2000

ppm resulted in a significant depression in weight gain.

20
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TABLE III
Effect of Iron on Weight Gain, Feed Conversion and
Percent Bone Ash
Level of
Added
Iron (ppm)

Average wt
gained
Tgms.)

Feed
Conversion*

% Bone
Ash

**
0

539

1.52

42.9

500

577

1.55

41.5

1000

549

1.62

41.9

1500

561

1.65

42.3

2000

545

1.64

42.4

2500

530

I .64

42.3

3000

521

1.65

42.1

*

Grains feed consumed per gram gain.

** Numbers connected by a line are not significantly
different as determined by Duncan’s Multiple range test.
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conversion data show a significant increase in the amount of
feed necessary to give a unit of weight-gain as the iron
level is increased above 500 ppm.

There was no significant

difference between zero and 500 ppm added iron.

Addition

of iron up to 3000 ppm resulted in no significant effect on
percent bone ash.
Summary - Trial I
This trial had as its primary purpose an investigation
of the effects of iron at levels equal to and above those
which would be used in future iron-gossypol studies.

Dietary

levels of iron to be used in future studies will be in the
range of 1000 ppm or less added iron.

Data presented above

indicate this amount of iron (up to 1000 ppm) would have no
deleterious effects on the observables with the exception of
feed conversion.

At iron levels above 500 ppm some caution

must be exercised in interpreting feed conversion data in
future iron-gossypol trials.

TRIAL II
Results and Discussion
Ample evidence is presented in the review of literature
to show that soluble iron salts are capable of inactivating
gossypol.

Evidence has also been presented showing this

inactivation to be a result of iron combining with gossypol
to form an insoluble complex which prevents gossypol absorp
tion.

Data on the stoichiometric aspects have been propounded

which would support either a 1:1 or a 2:1 molar ratio of iron:
gossypol.

From this information it would appear that feeding

iron and gossypol in some defined stoichiometric relationship
should result in gossypol inactivation.
This trial had as its primary objective an examination
of the dietary molar ratios of i r o n :gossypol required for
gossypol inactivation.

Gossypol acetic acid was added to the

basal ration (Table I) to supply 200, 400, 600 and 800 ppm
(or 0.02, 0.04, 0.06 and 0.08%, respectively) free gossypol.
At each level of gossypol, ferrous sulfate was added to supply
0, 1:1, 2:1 and 4 ;1 molar ratios of iron:gossypol.
The amount of iron required for a 1:1 molar ratio of
i r o n :gossypol was calculated by dividing the molecular weight
of iron (55-65) by the molecular weight of gossypol (518.54)This gives a value of 0.107 and means that for each unit of
gossypol, 0.107 units of iron are needed for a 1:1 molar
ratio.

For example, if 200 ppm (0.02%) gossypol were added
23
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to the ration,

21.4 ppm (0.00214$) iron must be added for

a 1:1 molar ratio.

The amount of iron added at each level

of gossypol to give the desired ironrgossypol ratio are
shown in Table IV.

This table also includes ratios of

iron:gossypol used in later studies.
Results of the weekly feed analysis are given in Table V.
Gossypol disappeared from the ration during each week of
storage.

The greatest loss occurred within five days after

mixing the diets when approximately 26$ of the added gossypol
was undetectible by chemical means.

An average of 40$ of the

added gossypol remained as free gossypol and 60$ as total
gossypol over the four week trial.

Some binding of gossypol

in the ration occurred and the amount of binding increased
during storage; however, it did not appear related to the
iron level of the diet.

Apparently complexing of iron and

gossypol does not occur during mixing nor during storage
of the feed.
As a result of gossypol disappearing from the ration
and gossypol being bound during mixing,
ratios of ironrgossypol occurred.

changes in the molar

During the four week trial

the average ironrfree gossypol molar ratios were 0, 2.5:1,
5.0:1 and 10.0:1 and the average iron:total gossypol molar
ratios were 0, 1.7:1, 3-4:1 and 6.6:1.

While it is recognized

these ratios occurred over the feeding trial, the ratios will
be referred to as originally mixed, i.e. 0, 1:1, 2:1 and 4:1,
in analysis of the data and discussion of the results.
The average weight gained per bird data are presented
Table VI and the analysis of variance in Table VII.

in

There was

TABLE IV
AMOUNTS OF IRON AND FERROUS SULFATE USED TO ACCOMPLISH MOLAR RATIOS
All Fe+++ and FeS0^.7H20 Figures are in Parts Per Million

Fe

Level of gossypol (ppm)

+++.

Ratio

FeW

FeS04 '7H20

600

400

200

gossypol

Fe+++

FeS04 -7H20

Fe+++

FeS0^-7H20

800
Fe+++

FeS0^-7H20

1:1

21.6

106.8

42.8

213.6

64 .I

320.4

85.6

427.2

2:1

42 .8

213-6

85.6

427.2

128.7

640.8

170.8

854.2

4:1

85-6

427.2

170.8

854.4

256.2

1281.6

341.8

1704.9

8:1

—

---

341.6

1704.9

512.4

2557.3

683.2

3409.8

--

---

512.4

. 2557.3

768.4

3835.1

1024.8

5114.8

12:1

TABLE V
R ati on A n a l ysis

Gossypol
Level
(ppm)

Iron:
gossypol
Ratio

1st Week
Free

Total

for Gossypol

2nd Week
Free

- Trial II

3rd Week

Total

Free

Total

4th Week
Free

Total

Average
Free

Total

ppm
0
1:1
2:1
4:1

125
120
115
115

153
146
161
154

75
79
75
76

122
132
124
137

62
64
57
66

118
116
112
114

67
66
55
66

113
116
108
114

82
82
76
81

127
128
126
130

400

0
1:1
2:1
4:1

205
195
240
185

270
310
297
286

138
142
166
158

219
214
222
235

105
112
104
114

199
203
219
214

98
104
103
96

197
212
200
203

137
138
153
138

221
235
235
235

600

0
1:1
2:1
4:1

410
330
360
355

397
357
444
438

269
256
267
278

351
322
323
342

173
166
177
187

312
297
310
326

146
150
153
165

315
292
312
303

250
226
238
246

344
317
347
352

800

0
1:1
2:1
4:1

410
420
505
470

531
586
583
598

372
367
379
394

418
440
387
435

262
257
249
261

382
396
396
429

234
207
221
210

381
404
404
409

320
313
339
334

428
432
443
468

200

A v e ra ge over Trial:

200
400
600
800

Free_______ Total

80
146
240
326

127
231
340
442

% remaining
Free________ Total

40%
37%
40%
41%

63%
58%
57%
55%

fo

O
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TABLE VI
Four Week Average Weight Gained - Trial II
Gossypol Level. (ppm)

Iron:gossypol
Ratio

200

400

600

800

Average

Grams
0

554

544

524

472

524

1:1

590

570

554

508

556

2:1

591

577

547 ■

529

561

4:1

581

581

550

533

561

Average

579

568

544

511

TABLE VII
Analysis of Variance
Weight Gain Data
Source

D.F.

Gossypol Level^
1 v s . 2, 3 & 4
2 vs. 3 & 4
3 vs. 4

3

Iron:gossypol ratio^
1 vs. 2, 3 & 4

3

Gossypol level X
Iron:gossypol ratio
Error

F.

M.S.

1
1
1

11,327
12,488
14,969
6,537

19.74**
21. 76**
25 .61**
11.39**

1

3,438
9,669

16 .85**

9

264

30

574

5.99**

- 1 = 200 ppm, 2 = 400 ppm, 3 = 600 ppm, 4 = 800 ppm.
2 _ i = o, 2 = 1 : 1 ratio, 3 = 2:1 ratio, 4 = 4*1 ratio.
**

Significant at the 0.01 level of probability.
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a highly significant (P <.01) difference in gossypol levels.
Partitioning of the degrees of freedom revealed each addition
of gossypol resulted in a statistically significant (P<.01)
depression of growth over all iron levels.
A highly significant iron effect was noted.
of iron resulted in a highly significant (P
in growth rate.

The addition

.01) improvement

There were no real differences between 1:1,

2:1 and 4:1 molar ratios of ir on :gossypol.
Rations containing 200 ppm added gossypol (30 ppm free
gossypol average during trial) and added iron supported growth
at a rate comparable to that which would be expected if the
ration contained no gossypol.

It would appear iron had com

pletely inactivated gossypol at this dietary level.

Although

adding iron gave an improvement in growth, the data would
indicate only partial inactivation of gossypol at levels
above 200 ppm added gossypol.
The effects of the various rations on feed conversion
are given in Table VIII.

Analysis of variance (Table IX)

revealed a significant difference (P<.05) between levels of
gossypol.

Orthogonal comparisons showed this difference to

be between 200 ppm added gossypol and the higher levels.
Increasing the level of added gossypol above 200 ppm resulted
in a significantly poorer feed conversion.

Addition of iron

at a 1:1, 2:1 or 4:1 molar ratio of iron:gossypol had no
effect on feed conversion.
In an attempt to more clearly establish the ratio of
iron:gossypol required for gossypol inactivation,
samples were analyzed for free and total gossypol.

excreta
To
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TABLE VIII
Four Week Feed Conversion - Trial II
Gossypol Level (ppm)

Iron:gossypol
Ratio

200

400

600

800

Average

Grams feed consumed per gram gain

0

1.70

1.76

1.76

1.73

1.74

1:1

i.6a

1.69

1.74

1.82

1.73

2:1

1.63

1.72

1.7^

i.ai

1.74

4:1

1.69

1.71

1.69

1.70

1.70

1.67

1.72

1.74

1.77

Average

TABLE IX
Analysis of Variance
Feed Conversion Data
Source

D.F.

M.S.

F.

.0180
.0417

3.91*
9.07**

Gossypol Level^
1 v s . 2, 3 &• 4

3

Irontgossypol ratio

3

.0043

0.94

Gossypol level X
Iron:gossypol ratio

9

.0054

1.1?

30

.0046

Error

1

^ - 1 = 200 ppm, 2 = 400 ppm 3 = 600 ppm and 4 = 800 ppm.
*
**

Significant at 0.05 level of probability.
Significant at 0.01 level of probability.
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facilitate calculation of excretion data on a consumption
basis,

chromic oxide was added to the feed as a reference

material.

The average amount of free gossypol excreted per

gram free gossypol consumed is presented in Table X and the
analysis of variance of this data in Table XI.
There was a significant (P^.Ol)

decrease in the amount

of free gossypol excreted per gram of free gossypol consumed
with each increase of dietary gossypol.
account for this finding, these are:

Two factors may

(l) an increase in

either the amount of gossypol absorbed or,

(2) an increase

in the amount of gossypol bound during digestion.

If either

or both occurred, as a result of increased gossypol concen
tration in the digestive tract, less free gossypol would be
excreted on a per unit consumed basis.
Adding iron to the ration resulted in a highly signifi
cant (P<.0l)

decrease in free gossypol excreted per gram of

free gossypol consumed.

This would be expected as inactivation

of gossypol by iron involves formation of an insoluble iron:
gossypol complex and hence a reduction in free gossypol excre
tion.

It should be noted that even at the highest molar ratio

fed (A:l), appreciable free gossypol remained in the excreta.
These data would indicate ratios above 4:1 may be required
for complete binding or inactivation of gossypol.
Birds receiving 200 ppm added gossypol, with the exception
of the 4:1 iron .
‘gossypol ratio, excreted more free gossypol
than was consumed.

It appears some or all of the dietary

bound gossypol was released as free gossypol by digestive
processes.

If one assumes that all of the bound gossypol was
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TABLE X
Free Gossypol Excreted Per Gram Free Gossypol Consumed
Gossypol Level (ppm)

Iron:gossypol
Ratio

200

400

600

300

Average

Grams
0

1.11

0.96

0.86

0.63

0.90

1:1

1.07

0.76

0.67

0.57

0.77

2:1

1.22

O .83

0.61

0.45

0.7S

4:1

0.92

0.59

0.53

0.51

0 064

Average

1.03

0.79

0.67

0.54

TABLE XI
Analysis of Variance
Free Gossypol Excreted Per Gram Free Gossypol Consumed
Source

D.F.

Gossypol Level"'"
1 v s . 2, 3 & 4
2 vs. 3 & 4
3 vs. 4

3

Ironrgossypol ratio*1
1 v s . 2, 3 & 4
2 vs. 3 & 4
3 vs. 4

3

Gossypol level X
I r o n :gossypol ratio
Error

.1
1
1
1
1
1

M.S.

F.

6,429.0
15,469.1
2,842.5
975.3

36.00**
86.70**
15.92**
5.36*

1 ,361.2

7.62**
14.53**
1.80
6.54*

2,595.1
320.9
1,167.6

9

235.6

30

178.6

1.31

^ - 1 = 200 ppm, 2 = 400 ppm, 3 = 600 ppm, 4 = 800 ppm..
2 - 1 = 0 , 2 = 1 : 1 ratio, 3 = 2 : 1 ratio, 4 = 4 :1 ratio.
*
**

Significant at the 0.05 level of probability.
Significant at the 0.01 level of probability.
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released as free gossypol, then the data may be calculated
as the amount of free gossypol excreted per gram of total
gossypol consumed.

These calculations were made and the

average values and analysis of variance of the data are shown
in Tables XII and XIII respectively.
Since approximately 50 percent of'the total dietary
gossypol was bound (at the time collections were made) the
values are approximately one-half those given in Table X.
Analysis of the data yielded results very similar to those
given in Table XI.

Increasing gossypol consumption resulted

in a significant decrease in the free gossypol excreted per
gram total gossypol consumed.
( P < .0 l)

There was a highly significant

decrease in free gossypol excretion per gram total

gossypol consumed as a result of adding iron to the ration.
Increasing the i r o n :gossypol ratio from 1:1 to 2:1 and l+: 1
resulted in a highly significant reduction in free gossypol
excretion.

An increase from 2:1 to 4:1 iron:gossypol ratio

had no significant effect on free gossypol excretion per
gram, total gossypol consumed.
Total gossypol excreted per gram total gossypol consumed
is presented in Table XIV and analysis of variance of the data
in Table XV.

According to the chemical analysis, more gossypol

was excreted than was consumed.

The procedure used for deter

mination of gossypol is not specific for gossypol and measures
gossypol and gossypol-like pigments.
to gossypol,
as gossypol.
numbers,

Apparently, in addition

some component found in the excreta was analyzed
However, regardless of the numerical size of the

certain trends in gossypol excretion can be detected.
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TABLE XII
Free Gossypol Excreted Per Gram Total Gossypol Consumed
Gossypol Level. (ppm)

I r o n :gossypol
Ratio

200

400

BOO

600

Average

Grams
0

0.64

0.49

0.44

0.39

0.49

1:1

0.71

0.37

0.34

0.29

0.43

2:1

0.62

0.43

0.30

0.25

0.40

4:1

0.54

0.2S

0.29

0.26

0.34

Average

0.63

0.39

0.34

0.30

TABLE XIII
Analysis of Variance
Free Gossypol Excreted Per Gram Total Gossypol Consumed
Source

D.F.

Gossypol level^
1 vs. 2, 3 & 4
2 vs. 3 & 4
3 vs. 4

3

Iron:gossypol ratio^
1 v s . 2, 3 & 4
2 vs. 3 & 4
3 vs. 4

3

Gossypol level X
Iron:gossypol ratio
Error

M.S.

F.

1
1
1

2, 5BB
7,239
411
113

47.93**
134.06**
7 .61*
2.10

1
1
1

475
925
296
204

B.B0*
17.13**
5.4^*
3.7S

9

64

30

54

1.19

^ - 1 = 200 ppm, 2 = 400 ppm, 3 = 600 ppm, 4 = BOO ppm.
- 1 = 0, 2 = 1 : 1 ratio, 3 = 2:1 ratio, 4 = 4:1 ratio.
*
**

Significant at the 0.05 level of probability.
Significant at the 0.01 level of probability.
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TABLE XIV
Total Gossypol Excreted Per Gram Total Gossypol Consumed
Gossypol Lebel■ (ppm)

I r o n :gossypol
Ratio

200

400

600

Average

300

Grams
0

1.57

1.35

1.10

1.33

1.35

1:1

1.61

1.20

1.47

1.25

1.33

2:1

1.39

1.2S

1.35

1.06

1.40

4:1

2.05

1.40

1.39

1.50

1.59

Average

1.78

1.31

1.33

1.30

TABLE XV
Analysis of Variance
Total Gossypol Excreted Per Gram Total Gossypol Consumed
D.F.

Source
Gossypol level^
1 v s . 2, 3 & 4
I r o n :gossypol ratio
1 v s . 2, 3 & 4
2 vs. 3 & 4
3 vs. 4

3

V•
X

M.S.

1

5,337
16,113

1
1
1

1,699
1,996
929
2,174

13.41**
55-03**

o

Gossypol level X
Iron:gossypol ratio
Error

3

9

939

30

293

■

5.30**
6.32*
3.17
7.42*
3.3 3**

1 - 1 = 200 ppm, 2 = 400 ppm, 3 = 600 ppm, 4 - 300 ppm.
2 - 1 = 0 , 2 = 1 : 1 ratio, 3 = 2 : 1 ratio, 4 = 4:1 ratio.
*
**

Significant at
Significant at

the 0.05 level of probability.
the 0.01 level of probability.
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Increasing the added dietary gossypol level above 200
ppm resulted in a significant reduction in total gossypol
excretion per gram total gossypol consumed.

The concentration

of certain ration components in relation to the concentration
of gossypol may have been sufficiently high at this lower
level of gossypol to bind appreciable gossypol and therefore
increase total gossypol excretion.

There were no significant

differences among the three higher levels of added gossypol.
Addition of iron to the ration over all gossypol levels,
resulted in a significant (P<.05) increase in total gossypol
excreted per gram total gossypol consumed.

A molar ratio of

1:1 i r o n :gossypol was not different from a 2:1 or 4:1 molar
ratio.

A molar ratio of 4:1 increased significantly (P<.05)

the excretion of total gossypol over a 2:1 molar ratio.
There was a highly significant (P<.01)

interaction

between gossypol levels and ir o n :gossypol ratio.

The data

appears to be erratic in several places which results in the
significant interaction.

For example, at a gossypol level

of 200 ppm, a continual increase in gossypol excretion is
noted at each increase of the ir o n :gossypol ratio.
gossypol level exhibits this trend.

No other

Gossypol levels of 400

and G00 ppm show less total gossypol excretion at iron:gossypol
molar ratio of 1:1 and 2:1 than at the zero ratio.

The other

two gossypol levels show gossypol excretion to be increased
at a molar ratio of 1:1 over the zero ratio.

It appears as

if the main effects are not entirely independent of each other.
The amount of bound gossypol (total - free = bound)
excreted per gram total gossypol consumed is presented in
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Table XVI and analysis of the data in Table XVII.

Increasing

the level of added gossypol in the ration had no significant
effect on the excretion of bound gossypol on a unit consumption
basis.

It had been postulated the decrease in free gossypol

excreted per gram total gossypol consumed was a result of
either increased gossypol absorption and/or gossypol binding,
as a result of increasing amounts consumed.

As no changes

in bound gossypol excretion occurred, it would appear as if
increasing the concentration of gossypol in the gastrointes
tinal tract results in an increase in the percentage gossypol
absorbed.
Addition of iron to the ration resulted in a highly
significant

(P<0.01)

increase in the amount of bound gossypol

excreted' per gram total gossypol consumed over all iron ratios.
This observation only lends further support to data already
presented.

That is, iron complexes with gossypol forming

an insoluble bound gossypol which is not absorbed^

.Each

increase of iron:gossypol ratio resulted in a significant
increase in bound gossypol excretion on a unit consumption
basis.

These data also indicates ratios above 4:1 iron:

gossypol may be necessary for complete gossypol inactivation.
The interaction between gossypol levels and ironrgossypol
molar ratio was significant

(P<0.05).

Total gossypol excreted

per gram total gossypol consumed data was rather erratic and
the main effects exhibi-ted a dependence on each other.

This

dependence was not noted for free gossypol excretion per gram
total gossypol consumed.

Bound gossypol is calculated by

subtraction of free gossypol from total gossypol.

Therefore,
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TABLE XVI
Bound Gossypol Excreted Per Gram Total Gossypol Consumed
I r o n :gossypol

Gossypol Level (ppm)

Ratio

200

400

600

800

Average

Grams
0

0.75

0.86

0.66

0.99

0.82

1:1

0.90

0.S3

1.13

0.96

0.96

2:1

1.27

0.85

1.05

0.81

1.00

4:1.

1.51

1.12

1.10

•1.24

1.24

Average

1.11

0.91

0.98

1.00

TABLE XVII
Analysis of Variance
Bound Gossypol Excreted Per Gram Total Gossypol Consumed
Source

D.F.

M.S.

Gossypol level

3

746

Iron:gossypol ratio^
1 v s . 2, 3 & 4
2 vs. 3 & 4
3 vs. 4

3

Gossypol level X
Iron:gossypol ratio
Error
1 - 1 = 0 ,

2=1:1

1
1
1

3,874
5,638
2,274
3,710

9

927

30

421

F.

1.77
9.20**
13.3 9**
5.40*
8.8l**
2.20*

ratio, 3 = 2:1 ratio, 4 = 4 :1 ratio.

* . Significant at the 0.05 level of probability.
** Significant at the 0.01 level of probability.
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it is not surprising the interaction noted above was found
since the same interaction appeared in total gossypol excre
tion per gram total gossypol consumed.
Summary - Trial II
The objective of this trial was to examine the dietary
molar ratios of iron:gossypol required for gossypol inacti
vation in broiler feeds.

Gossypol acetic acid was used to

supply 200, 400, 600 and 300 ppm gossypol.

Ferrous sulfate

heptahydrate supplied iron to furnish iron:gossypol molar
ratios of 0, 1:1, 2:1 and 4*1.
Weekly feed analysis showed a continual loss of gossypol
over the four week trial.

The greatest loss occurred within

five days after mixing the complete diets.
gossypol occurred, however,

Some binding of

complexing of iron and gossypol

did not appear to occur during mixing nor during storage of
the feed.
Feeding gossypol resulted in a depressed growth rate at
all— dietary levels.

The degree of depression increased with

increased dietary levels of gossypol.

Iron was effective in

partially overcoming this growth depressing effect of gossypol.
Complete inactivation of gossypol apparently occurred at the

lowest dieta ry g o s s y p o l - l e v e l .

I n c r e a s i n g the m o l a r ratio

of i r o n :gossypol above 1:1 resulted in no beneficial effect
on growth rate.

Increasing the level of added gossypol above

200 ppm resulted in a poorer feed conversion.

Iron had no

effect on feed conversion at any ratio fed.
There was a decrease in the amount of free gossypol
excreted per gram of free gossypol consumed, and no increase

in bound gossypol excretion per gram of total gossypol consumed
with increasing dietary gossypol.

These findings would indi

cate an increase in percent gossypol absorption as a result
of increased gossypol consumption.

Apparently, increasing

the concentration of gossypol in the digestive tract, in
relation to other ration ingredients, resulted in increased
gossypol absorption.
Complexing of iron and gossypol occurs during digestive
processes.

That complexing occurs, is evidenced by the decrease

in free gossypol and increase, over all iron ratios, in bound
gossypol excretion per gram of total gossypol consumed with
increasing iron:gossypol molar ratios.

Considerable free

gossypol remained in the excreta even at the 4:1 molar ratios.
This observation would indicate that higher iron:gossypol
may be required for complete gossypol inactivation.

TRIAL III
Partial inactivation of gossypol was obtained with the
i r o n :gossypol molar ratios used in Trial II.

The amount of

gossypol inactivated increased as the molar ratio of iron:
gossypol increased; however,

substantial amounts of free

gossypol remained in the excreta even at l+:1 iron:gossypol
molar ratio.

These data would indicate higher ratios are

required for complete gossypol inactivation.
This trial was
ratios for possible

designed to test higher ironrgossypol
gossypol inactivation.

Gossypol was

supplied as gossypol acetic acid at levels of 0, 400, 600
and 600 ppm or 0, 0.04, 0.06 and 0.06% gossypol.

Iron was

supplied as ferrous sulfate heptahydrate at ironrgossypol
molar ratios of 0, 4:1, 6:1 and 12:1.

The basal ration was

the

same as used in Trials I and II and presented in Table I.

The

amounts of iron required to supply the molar ratios are

presented in Table IV.
Naturally no ratio

(ironrgossypol) could be established

with a zero level of gossypol.

For this series of treatments

certain iron levels were selected for comparison.
levels were 0, 171,

These

512 and 1025 ppm.

Weekly feed samples were analyzed for gossypol content.
Samples were not collected from rations which contained no
added gossypol.
Table XVIII.

Results of these analyses are presented in

As was noted in Trial II, gossypol disappeared
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TABLE XVIII
Ration Analysis

Gossypol
Level
(ppm)

Iron:
gossypol
Ratio

2nd Week

1st Week
Free

Total

for Gossypol

Free

Total

- Trial III

(ppm)

3rd Week
Free

Total

4th Week
Free

Total

Average
Free

Total

400

0
4:1
8:1
12:1

189
190
185
190

288
352
333
389

140
175
168
184

225
240
250
280

132
142
142
132

264
293
253
301

125
161
152
152

210
228
239
265

146
167
162
165

247
278
269
309

600

0
4:1
8:1
12:1

322
304
332
320

578
571
549
516

315
336
282
292

360
437
426
412

250
276
231
231

456
485
460
478

200
215
205
213

422
400
400
371

272
283
263
264

454
473
459
444

800

0
4:1
8:1
12:1

411
481
420
385

724
772
687
653

416
360
377
432

562
514
467
558

316
334
322
299

565
612
630
597

316
315
278
300

491
546
524
524

365
373
349
354

586
611
577
583

Average over Trial:
400
600
800

Free
160
270
360

Total
276
456
589

remaining
Free
Total
40.0
69.0
45.0
76.0
45.0
73.6

-P-

I-1
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from the ration during each week of storage.

The rate of

disappearance appeared to be slower in this trial as compared
to Trial II.

Disappearance was more rapid during or immediately

after mixing and slowly decreased during storage.

Binding of

gossypol occurred; however, it did not appear related to >the '
iron level of the ration.

This data supports that presented

in Trial II, that is, complexing of iron and gossypol does
not occur during mixing nor during storage of the feed.
The average i r o n :gossypol ratios fed as a result of
gossypol disappearing from the ration were 0, #.$:!, l B . 5 ;l
and 27 -5 ;l iron:free gossypol and 0, 5* 3:1, 11.0:1 and 16.0:1
ironrtotal gossypol.

To avoid confusion, the ratios will be

referred to as originally mixed,

i.e., 0, 4:1, S:1 and 12:1,

in analysis of the data and discussion of the results.
Results of the weight gain data and analysis of variance
of the data are presented in Tables XIX and XX, respectively.
There was a significant (P<.0l)

reduction in weight gain

with increasing gossypol levels.

Addition of iron to the

ration resulted in a highly significant (P<.01)

improvement

in weight gain; however, there were no differences between
the various ir o n :gossypol ratios fed.

Several of the rations

with added gossypol and iron produced weight gains equal to
the series of rations which contained no added gossypol.

This

data would indicate iron had completely inactivated gossypol
or had inactivated sufficient gossypol to' lower the free
gossypol content below the toxic level.

These data indicate

a 4:1 molar ratio is as effective as higher ratios for inacti
vation of gossypol.
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TABLE XII
Four Week Average Weight Gained - Trial III
Gossypol Level

Iron .
‘gossypol
Ratio

0

400

600

(ppm)
800

Average

Grams
0

534

523

456

392

476

4:1

532

518

529

499

519

8:1

552

548

494

531

531

12:1

552

510

538

526

531

542

525

504

487

Average

TABLE XX
Analysis of Variance
Weight Gain - Trial III
D.F.

Source
Gossypol level^
1 v s . 2, 3 & 4
2 vs. 3 & 4
3 vs. 4

3

I r o n :gossypol ratio2
1 v s . 2, 3 & 4

3

Gossypol level-!
Iron:gossypol ratio
Error

^ - 1 = 0 ,
2 -1=0,
**

M.S.

F.

1
1
1

6,978.7
12,534.6
6 ,648.9
1,739.1

11.07**
19•89**
10.55**
2.7 8

8,220.9
23,526.4

13 .04**

1

9

3,278.7

5 .20 **

30

630.3

37.33**

2 = 400 ppm, 3 = 600 ppm, 4 = 800 ppm.
2 = 4 ;1 ratio, 3 = 8:1 ratio, 4 = 12:1 ratio.

Significant at the 0.01 level of probability.

The interaction between levels of gossypol and iron:
gossypol molar ratios was highly significant (P<£.0l).

This

interaction is due to the failure of the zero ratio (iron:
gossypol) to react in the same manner as the other ratios
to increasing levels of gossypol.

Weight gain showed a

continual decrease with increasing gossypol levels at the
zero iron:gossypol ratio.

Although some fluctuation in

weight gain occurred, this continual decrease did not occur
at the other i r o n :gossypol molar ratios.
Feed conversion data (Table XXI) and analysis of variance
of the data (Table XXII) revealed no significant differences
attributable to gossypol level or to i r o n :gossypol ratios.
Excreta samples were collected and gossypol content
determined with chromic oxide being added to the diet as a •
reference material.

The average amount of free gossypol

excreted per gram consumed is presented in Table XXIII and
analysis of variance in Table XXIV.

There was a highly

significant reduction in free gossypol excretion per gram
consumed when the dietary gossypol level was increased above
400 ppm added gossypol.

No real difference existed between

600 and 800 ppm added gossypol.

Data from Trial II revealed

an apparent increase in gossypol absorption as a result of
increased gossypol concentration in the digestive tract.
This observation would explain the decreased gossypol excre
tion per gram consumed with increasing gossypol levels which
was noted for this trial.
Addition of iron to the ration resulted in a decrease
in free gossypol excretion per gram consumed.

This observation
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TABLE XXI
Four Week Feed Conversion - Trial III
Iron:gossypol

Gossypol Level (ppm)

Ratio

400

0

600

300

Average

Grams feed consumed per gram gain
0

1.74

1.73

1.73

1.34

1.77

4:1

1.77

1.75

1.75

1.76

1.76

3:1

1.73

1.76

1.32

1.75

1.77

12:1

1.75

1.79

1.73

1.73

1.76

1.75

1.76

1.77

1.78

Average

TABLE

XXII

Analysis of Variance
Feed Conversion Data - Trial III
Source

D.F.

M.S.

F.

Gossypol Level

3

.00273

0.69

I r o n :gossypol ratio

3

.00060

0.15

Gossypol level X
Iron:gossypol ratio

9

.00420

1.07

30

.00392

Error

TABLE XXIII
Free Gossypol Excreted Per Gram Free Gossypol Consumed
Gossypol Level (ppm)

Iron:gossypol
Ratio

400

600

800

Average

Grams
0

1.24

0.51

0.31

0.35

4:1

0.90

0.47

0.55

0.64

8:1

1.15

0.39

0.40

0.65

12:1

0.61

0.23

0.59

0.43

0.97

0.40

0.59

Average

TABLE XXIV
Analysis of Variance
Free Gossypol Excreted Per Gram Free Gossypol Consumed
D.F.

Source
Gossypol level"'”
1 vs. 2 & 3
2 vs. 3
Iron:gossypol ratio
1 v s . 2, 3 & 4

2

Error

1
1

1.0313
1.3592
.0.2035

10.65**
19.21**
2.10 ■

3.
1

0.2168
0.4800

2.24
4.96*

6

0.0787

22

0.0968

p

Gossypol level X
I r o n :gossypol ratio

F.

M.S.

1 - 1 = 400 ppm, 2 = 600 ppm, 3 = 300 ppm.
2 - 1 = 0 , 2 = 4 : 1 ratio, 3 = 3:1 ratio, 4 = 12:1 ratio.
*
**

Significant at the 0.05 level of probability.
Significant at the 0.01 level of probability.
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supports that presented in the literature review and in Trial
II.

That is, iron combines with gossypol to form an insoluble

complex and prevent gossypol absorption.
There was no change in gossypol excretion per gram con
sumed as a result of increasing the iron:gossypol molar ratio
above 4:1.

This data would indicate a 4:1 iron:gossypol molar

ratio was adequate for gossypol inactivation.
Several birds excreted more free gossypol than was con
sumed.

This would indicate some or all of the dietary bound

gossypol was released during digestive processes.

These data

were calculated as free gossypol excreted per gram total
gossypol consumed (Table XXV) and analysis of variance of
these data are presented in Table XXVI.

There were no real

differences between levels of gossypol as measured by the
amount of free gossypol excreted per gram total gossypol
consumed.

Addition of iron resulted in a significant (P <.05)

reduction in free gossypol excretion per gram consumed.
were no real differences between a 4:1>

There

or 12:1 molar

i r o n :gossypol ratio.
Total gossypol excreted per gram total gossypol consumed
(Table XXVII and analysis of variance, Table XXVIII) and bound
gossypol excreted per gram total gossypol consumed (Table XXIX
and analysis of variance, Table XXX) revealed no significant
differences attributable to level of gossypol or to iron:
gossypol molar ratios.

As was noted in Trial II, several

birds excreted more gossypol than was consumed.

The proce

dure for determination of gossypol is not specific for the
pigment gossypol and measures any gossypol-like

pigments.
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TABLE XXV
.A . •

Free Gossypol Excreted Per Gram Total Gossypol Consumed
Gossypol Level (ppm)

Iron:gossypol
Ratio

400

600

800

Average

Grams
0

0.29

0.17

0.31

0.26

4:1

0.25

0.16

0.21

0.21

8:1

0.26

0.14

0.13

0.18

12:1

0.14

0.08

0.20

0.14

0.24

0.14

0.21

Average

TABLE XXVI
Analysis of Variance
Free Gossypol Excreted Per Gram Total Gossypol Consumed
D.F.

Source

M.S.

F.

Gossypol level

2

0.0216

3.18

Iron‘
.gossypol ratio^
1 v s . 2, 3 & 4

3

0.0217
0.0444

3.19*
6.53*

Gossypol level X
Iron‘
.gossypol ratio
Error

"*■-1=0,
*

1
6

0.0058

22

0.0068

2 - 4-1 ratio, 3 = 8:1 ratio, 4 = 12:1 ratio.

Significant at the 0.05 level of probability.
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TABLE XXVII
Total Gossypol Excreted Per Gram Total Gossypol Consumed
Iron:gossypol
Ratio

Gossypol Level (ppm)
400

600

800

Average

Grams
0

0.49

1.15

1.43

1.02

4:1

0.96

1.21

1.60

1.26

8:1

0.86

1.04

1.72

1.21

12:1

1.73

0.87

1.61

1.40

1.01

1.07

1.59

Average

TABLE XXVIII
Analysis <of Variance
Total Gossypol Excreted Per Gram Total Gossypol Consumed
Source

D.F.

M.S.

F.

Gossypol level

2

0,9305

2.85

Iron:gossypol ratio

3

0.3620

1.11

Gossypol level X
Iron:gossypol ratio

6

0.3617

1.11

22

0.3266

Error
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TABLE XXIX
Bound Gossypol Excreted Per Gram Total Gossypol Consumed
Gossypol Level (ppm)

Iron:gossypol
Ratio

400

600

800

Average

Grams
0

0.29

0.98

0.84

0.70

4:1

0.71

1.05

1.39

1.05

8:1

0.73

0.91

1.59

1.07

12:1

1.59

0.80

1.40

1.26

0.83

0.94

1.30

Average

TABLE XXX
Analysis of Variance
Bound Gossypol Excreted Per Gram Total Gossypol Consumed
Source

D.F.

M.S.

F.

Gossypol level

2

0.7498

2.29

Iron:gossypol ratio

3

0.4958

1.51

Gossypol level X
Iron:gossypol ratio

6

0.3779

1.15

22

0.3276

Error

\
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Apparently,

some material appears in the excreta and is being

analyzed as gossypol.

Analyses were not conducted to determine

the material which was analyzed as gossypol.
Summary - Trial III
The purpose of this trial was to expand the information
gained in Trial II.

Data presented in Trial II indicated

molar ratios of iron-.gossypol up to A'-l were not adequate for
complete gossypol inactivation.

Higher ratios were compared

in this trial for inactivation of gossypol.
Weekly feed samples show a loss of gossypol during storage.
Disappearance of gossypol occurred throughout storage; however,
the greatest loss occurred during or immediately after mixing.
Complexing of iron and gossypol did not

appear to occur during

mixing nor storage of the feed.
Weight gain data indicate complete inactivation of gos
sypol as a result of adding iron to the ration.

An iron:

gossypol molar ratio of l+:l was apparently adequate for com
plete inactivation.

Increasing the level of dietary gossypol

resulted in a decreased weight gain.

A highly significant

interaction between levels of gossypol and iron:gossypol ratio
was noted.

This appeared to be due to a continual decrease

in weight gain with increasing gossypol levels at the zero
i r o n :gossypol ratio and the failure of the other ratios to
show this decrease.

This would also indicate inactivation of

gossypol as a result of adding iron to the diet.
No differences were noted in feed

conversion due to

gossypol level or to i r o n :gossypol ratio.

Apparently the
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reduced weight gain with increasing gossypol level was
accompanied by a reduced feed intake.
Excretion data show some free gossypol appearing in the
feces even at the 12:1 i r o n :gossypol molar ratio fed.

However,

it was no less than the amount present at a 4:1 or 8:1 molar
ratio.

It appears no beneficial effect could be obtained

by increasing the iron:gossypol molar ratio above 4:1Data presented in this trial would indicate a 4:1 iron:
gossypol molar ratio is adequate for inactivation of gossypol
acetic acid.--Rations containing cottonseed meal must be
investigated before conclusions can be reached regarding
practical application of this information.

Trial IV
Results and Discussion
Trials II and III were conducted to investigate the
inactivation of gossypol by iron using gossypol acetic acid
as the source of gossypol.

Use of this source permitted a

reduction in the number of variables which would have been
introduced had cottonseed meal been used as the source of
gossypol.

Data obtained indicate a 4:1 molar ratio of iron:

gossypol was adequate for gossypol inactivation.

As gossypol

disappeared from the rations, the ratio actually fed was
somewhat higher than 4:1 iron:gossypol.

For final evaluation

of the molar ratios of i r o n :gossypol required for gossypol
inactivation, gossypol supplied in cottonseed meal must be
investigated.
A high gossypol cottonseed meal was used to supply free
gossypol levels of 0, 400, 600 and $00 ppm (or 0, 0.04, 0.06
and 0.0$%, respectively).

The levels of total gossypol

supplied at these free gossypol levels were 0, 9$5> 1490 and
1970 ppm.

Ferrous sulfate heptahydrate was used to supply

molar ratios of iron:gossypol of 0, 4:1, 3:1 and 12:1.

The

levels of iron chosen to be fed at the zero gossypol level
were 0, 171,
0.1025%).

512 and 1025 ppm (or 0, 0.0171, 0.0512 and

The amount of iron necessary to give the desired

ratios are presented in Table IV.
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As

substantial amounts of cottonseed meal were necessary

to give the desired gossypol level,
the rations were made.

certain alterations in

Soybean oil meal was reduced to main

tain a 21% protein ration.

Composition of the rations used

in this trial are presented in Table II.
Feed samples were taken weekly and analyzed for gossypol
content.
XXXI.

Results

of these analysis are

presented in Table

Disappearance of gossypol from the rations was again

noted; however, the rate of disappearance in this trial was
slower as compared to Trials II and III.

The greatest loss

of gossypol occurred during or immediately after mixing of
the feed.

A reduction in the amount of bound gossypol occurred

as evidenced by the decrease from 5&5, $90 and 1170 ppm to 426,
747 and &71 ppm, respectively, during mixing and storage for
four weeks.

Binding of iron and gossypol did not appear to

occur during mixing or storage of the feed.
Average weight gained per bird data and analysis of
variance of the data are presented in Tables XXXII
XXXIII, respectively.

and

There was a highly significant

(P<0.01)

decrease in weight gain with each increase of dietary gossypol.
As soybean meal was replaced by substantial amounts of cotton
seed meal, a change in amino acid template resulted.

This

change may have contributed to the above finding.
Average weight gain data also showed a highly significant
(P<0.01)

increase as a result of adding iron to the ration.

Increasing the ratio of iron:gossypol above 4:1 also resulted
in a significant

(P<0.05)

improvement in weight gain.

No

significant change resulted when the molar ratio of iron:

TABLE XXXI
Ration Analysis for Gossypol - Trial IV (ppm)

1st Week

2nd Week

Gossypol
Level
(ppm)

Iron:
gossypol
Ratio

4UU

0
4:1
8:1
12:1

308
330
312
326

840
1000
900
966

321
311
240
300

600

0
4:1
8:1
12:1

525
519
478
495

1252
1466
1274
1416

800

0
4:1
8:1
12:1

691
678
681
644

1724
1846
1780
1854

Free

Total

3rd Week

Total

Free

640
600

Frpp

307
465
613

Total
762
1163
1544

Total

Free

Total

720
720
740
740

340
310
275
330

720
760
740

560

305
310
300
300

497
478
490
503

940
900
1000
1000

475
360
450
410

1080
1140
1180
1200

639
670
666
632

1400
1380
1340
1420

595
580
520
535

1560
1540
1560
1540

--

7o remaining
over Trial:
400
600
800

Free

4th Week

Free
77%
77%
77%

Total
77%
78%
78%

Average
Free

Total

--

318
315
282
314

730
770
793
755

455
425
445
445

1140
1240
1260
1120

488
445
466
463

1103
1186
1178
1184

595
570
545
565

1420
1420
1500
1420

630
824
603
594

1526
1546
1545
1558
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TABLE XXXII
Four Week Average Weight Gained - Trial IV
I r o n :gossypol

(ppm)

Gossypol Level

0

Ratio

400

600

800

Average

Grams

0

512

431

371

275

397

4:1

535

478

457

403

468

8:1

515

504

491

469

495

12:1

490

488

478

469

481

Average

513

475

449

404

TABLE XXXIII
Analysis of Variance
Average Weight Gained - Trial IV
D.F.

Source
Gossypol level^
1 v s . 2, 3 & 4
2 vs. 3 & 4
3 vs. 4
I r o n :gossypol ratio
1 v s . 2, 3 & 4
2 vs. 3 & 4
3 vs. 4

F.

1
1
1

25,207
44,395
18,847
12,381

60.16**
105.95**
44.98**
25-55**

1
1
1

22,553
63,470
3,090
1,100

53•82**
151.48**
7.37*

9

5,078

12.11**

30

419

3

p

Gossypol level X
Iron:gossypol ratio
Error

M.S.

3

2.62

1 - 1 = 0, 2 = 400 ppm, 3 = 600 ppm, 4 = 800 ppm.
2 - 1 = 0 , 2 = 4 * 1 ratio, 3 = 8:1 ratio, 4 = 12:1 ratio.
*
**

Significant at the 0.05 level of probability.
Significant at the 0.01 level of probability.
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gossypol was increased from 3:1 to 12:1.

The increase in

weight gain due to the addition of iron to the ration is a
result of iron inactivating gossypol.

The data would indicate

an 3:1 i r o n :gossypol molar ratio had completely inactivated
gossypol in this trial.
There was a highly significant interaction between levels
of gossypol and iron:gossypol molar ratios.

This finding is

most probably a result of the failure of the zero and 4:1
ratios to react in the same manner as the 3:1 and 12:1 ratio
as the level of gossypol increased.

The zero and 4:1 iron:

gossypol ratios showed linear decrease
increased.

as the level of gossypol

Ratios of 3:1 and 12:1 i r o n :gossypol failed to

show- such a drastic decrease and the decrease they did show
could be a result of changes in amino acid template and not
gossypol toxicity.

The data will not permit separation of

the effects of gossypol and amino acid template changes.
Feed conversion data is presented in Table XXXIV and
analysis of variance of the data in Table XXXV.
highly significant (P<0.01)

There was a

increase in feed conversion as

a result of adding gossypol to the ration and increasing the
level of added gossypol above 400
be the result of

ppm.

The observation could

either, or both, gossypol

toxicity orchang

ing of the amino acid template.
Addition of

iron resulted in a highly

improvement in feed conversion.

significant (P<0.01)

Increasing the iron:gossypol

molar ratio from 4:1 to 3:1 and 12:1 resulted in a slight
( P<0.05)

improvement in feed conversion.

This data, as did

TABLE XXXIV
Four Week Feed Conversion - Trial IV
Iron:gossypol

Gossypol Level (ppm)

Ratio

o

400

600

800

Average

Gram feed consumed per gram gain
0

1.73

1.84

1.92

2.10

1.90

4:1

1.71

I .83

1.94

1.91

1.85

8:1

1.74

1.78

1.87

1.85

1.81

.12:1

1.74

1.69

1.84

1.86

1.78

Average

1.73

1-78

I .89

1-93

TABLE XXXV
Analysis of Variance
Feed Conversion Data - Trial IV
D.F.

Source
Gossypol level^
1 v s . 2, 3 & 4
2 vs. 3 & 4
3 vs. 4
Iron:gossypol ratio
1 v s . 2, 3 & 4
2 vs. 3 & 4
3 vs. 4

17-95**
28.12**
24•20**
1.53

.0301
.0580
.0280
.0043

5.49**
10.58*
5.11*
0.78

9

.0100

I .83

30

.00 55

1
1
1

Gossypol level X
±ron:gossypol ratio
Error

.0984
•1541
.1326
.0084

3

0

F.

M.S.

3
1
1
1

1 - 1 = 0 , 2 = 400 ppm, 3 ~ 600 ppm, 4 = 800 ppm.
2 - 1 = 0, 2 = 4 ‘
-1 ratio, 3 = 8:1 ratio, 4 = 12:1 ratio.
*
**

Significant at the 0.05 level of probability.
Significant at the 0.01 level of probability.
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weight gain data, would indicate an 6:1 molar ratio is required
for gossypol inactivation.
Free gossypol excreted per gram free gossypol consumed
is presented in Table XXXVI and analysis of variance of the
data in Table XXXVII.

There was a highly significant decrease

in free gossypol excretion per gram consumed with the addition
of iron to the ration.

This observation would indicate inac

tivation of gossypol by combining with iron to form an insoluble
complex.

Increasing the i r o n :gossypol above 4:1 also resulted

in a highly significant (P<0.01)
excretion per gram consumed.

decrease in free gossypol

This data, as did weight gained

and feed conversion data, would indicate an 6:1 molar ratio
of i r o n :gossypol is required for complete gossypol inactivation.
The interaction between gossypol levels and i r o n :gossypol
ratios was highly significant (P<0.01).

This interaction is

a result of the continual increase in free gossypol excretion
per gram consumed with increasing gossypol levels without added
iron in the ration.

With iron added to the rations there was

a decrease in free gossypol excreted per gram consumed with
each increase of dietary gossypol.
It will be noted that only one treatment excreted more
free gossypol than was consumed.

This observation is a result

of one replication of this treatment excreting extremely high
levels of free gossypol.

This same replication also exhibited

severe diarrhea and the data is not interpreted to mean that
bound gossypol was released during digestive processes.

There

fore, free gossypol excretion per gram total gossypol consumed
was not calculated for this trial as was done for previous
trials.
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TABLE XXXVI
Free Gossypol Excreted Per Gram Free Gossypol Consumed
Gossypol Level (ppm)

Iron:gossypol
Ratio

600

400

800

Average

Grams
0

0.56

0.76

1.10

0.81

4:1

0.66

0 .46

0.35

0.49

8:1

0.27

0.25

0.19

0.24

12:1

0.44

0.29

0.21

0.31

Average

0.48

0.44

O .46

TABLE XXXVII
Analysis of Variance
Free Gossypol Excreted Per Gram Free Gossypol Consumed
D.F.

Source
Gossypol level

2

I r o n :gossypol ratio"''
1 v s . 2, 3 & 4
2 vs. 3 & 4
3 vs. 4

3

Gossypol level X
I r o n :gossypol ratio
Error

•^--1=0,
**

F.

M.S.

.0057
.5802
1 •4352
.2773
.0280

40.74**
100.79**
19.47**
1.97

6

.1129

7.93**

22

.0142

1
1
1

2 = 4:1 ratio, 3 = 6:1 ratio, 4 = 12:1 ratio.

Significant at the 0.05 level of probability.
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Total gossypol excreted, per gram total gossypol consumed
is presented in Table XXXVIII and analysis of variance in
Table XXXIX.

There were no real differences between gossypol

levels as measured by total gossypol excretion per gram total
gossypol consumed.

There was a highly significant (P<0.01)

increase in total gossypol excretion per gram consumed when
the ironrgossypol ratio was increased from 8:1 to 12:1.
Addition of iron to the diet resulted in a decrease in
free gossypol excretion and no significant change in total
gossypol excretion.

Therefore, bound gossypol

(being total -

free) excretion must have increased as a result of adding
iron to the ration.

Bound gossypol excretion per gram con

sumed and analysis of variance of the data are presented in
Tables XL and X L I , respectively.

As was postulated,

a signi

ficant increase in bound gossypol excretion per gram consumed
occurred as a result of adding iron to the ration.

This data

would demonstrate conclusively that iron prevents gossypol
toxicity by combining with gossypol to prevent gossypol
absorption.
There was a highly significant increase in bound gossypol
excretion as the molar ratio of iron:gossypol was increased
from 8:1 to 12:1.

There was no significant change in weight

gain, feed conversion or free gossypol excretion as a result
of increasing the molar iron:gossypol ratio from 8:1 to 12:1.
With no change in free gossypol excretion and an increase in
bound gossypol excretion per gram consumed, there must have
been a decrease in the amount of gossypol absorbed as the
ratio of iron:gossypol was increased from 8:1 to 12:1.
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TABLE XXXVIII
Total Gossypol Excreted Per Gram Total Gossypol Consumed
Gossypol Level

Iron:gossypol
Ratio

600

400

(ppm)

300

Average

Grams
1.33

1.03

1.16

4 •I

0.93

1.34

1.25

1.17

3:1

1.07

i— 1

i
—1
i—1

0.37

1.02

12:1

1.71

i— 1

i
—\
t
—1

1.24

1.35

Average

1.13

1.24

i—I
(
—1

1.01

i—1

0

TABLE XXXIX
Analysis of Variance
Total Gossypol Excreted Per Gram Total Gossypol Consumed
D.F.

M.S.

F.

Gossypol level

2

.0425

1.31

I r o n :gossypol ratio^
1 vs. 2, 3 & 4
2 vs. 3 & 4
3 vs. 4

3

.1759
.0067
.0009

5.41**

.5202

16 .01**

6

.1301

5. 54**

22

.0325

Source

Gossypol level X
Iron:gossypol ratio
Error

1

1
1

1 - 1 = 0 , 2 = 4=1 ratio, 3 = 6:1 ratio, 4 = L 2 :l ratio.
**

Significant at the 0.01 level of probability.
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TABLE XL
Bound Gossypol Excreted Per Gram Bound Gossypol Consumed
Gossypol Level (ppm)

Iron:gossypol
400

Ratio

600

800

Average

Grams
0

1.26

1.66

1.08

1.33

4:1

1.08

1.77

1.55

1.47

8:1

1.49

1.65

1.26

1.47

12:1

2.40

1.53

1.82

1.92

1.56

1.65

1.43

Average

TABLE XLI
Analysis of Variance
Bound Gossypol Excreted Per Gram Bound Gossypol Consumed
D.F.

Source
Gossypol level

2

I r o n :gossypol ratio^
1 v s . 2, 3 & 4
2 vs. 3 & 4
3 vs. 4

3

Gossypol level X
Iron:gossypol ratio
Error
1 - 1 = 0 ,
*
**

M.S.

F.

.1554

2.00

.5872
•5376
•3037
.9203

7.58**
6.94*
3.92
11 .87**

6

•3976

5.13**

22

.0775

I
1
1

2 = 4 : 1 ratio, 3 = 8:1 ratio, 4 = 12:1 ratio.

Significant at the 0.05 level of probability.
Significant at the 0.01 level of probability.
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Apparently this decrease in gossypol absorption was not great
enough to result in an improvement in weight gain or feed
conversion.

An 3:1 i r o n :gossypol ratio was apparently adequate

to reduce the free gossypol levels below a toxic level.
Summary - Trial IV
The purpose of this trial was to investigate the inacti
vation of gossypol by iron, using cottonseed meal as the source
of gossypol.
gossypol)

A straight solvent high gossypol (0.535% free

cottonseed meal was fed to supply 0, 400, 600 and

800 ppm free gossypol.

Iron, as ferrous sulfate heptahydrate,

was supplied at iron:gossypol molar ratios of 0, 4 ' 1 } 6:1 and
12:1.

Weekly feed analysis revealed a loss of gossypol during

mixing and storage of the feed.

The greatest loss appeared

to occur during or immediately after mixing.
The addition of gossypol to the rations and each increase
of dietary gossypol levels resulted in a highly significant
decrease in weight gain.

Adding iron to the ration was

effective in alleviating the toxic effects of gossypol.
Increasing the molar ratio of iron:gossypol from 4*1 and 8:1
and 12:1 resulted in a further improvement in weight gain.
There were no apparent beneficial effects as a result of
increasing the ratio from 8:1 to 12:1.
Feed conversion data yielded results very similar to
that of weight gain.

There was a highly significant increase

in feed conversion with each increase of dietary gossypol.
In addition to increasing gossypol levels,

changes in amino

acid template may account for these results.

Addition of
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iron to the ration and increasing the molar ratio above !+:1
was effective in improving feed conversion.

There was no

real difference between an 8:1 and a 12:1 molar ratio.
Excreta data agreed very closely with weight gain and
feed conversion data.

There was no significant change in

free or bound gossypol excretion attributable to the dietary
gossypol level.

Addition of iron to the ration and increasing

the molar ratio above l+: 1 resulted in a significant decrease
in free gossypol excretion and increase in bound gossypol
excretion.

There was an increase in bound gossypol excretion

as a result of increasing the molar ratio from 8:1 to 12:1.
As no change in free gossypol excretion occurred, this increased
bound gossypol excretion must be a result of decreased gossypol
absorption.

Although a reduction in gossypol absorption was

indicated, apparently the amount of gossypol absorbed at the
8:1 ratio was not high enough to have a significant effect
on weight gain or feed conversion.

SUMMARY
The objective of this investigation was to examine the
molar ratios of iron:gossypol required for gossypol inacti
vation for chicks.

Before experiments were conducted using

gossypol, the effects of iron alone were examined.

Data

obtained indicate iron alone should not significantly affect
the observables with the exception of feed conversion.
conversion was

Feed

significantly increased by adding iron at

levels above 500 ppm (0.05%).
Three trials were conducted to examine gossypol inacti
vation by iron.

Gossypol was supplied as gossypol acetic

acid in the first two of these trials and from cottonseed
meal in the last trial.

Ferrous sulfate heptahydrate was

used as the source of iron in all trials.
Weekly feed samples were taken for gossypol analysis.
In all trials, gossypol disappearance was observed soon after
mixing and after storage of the feed.
agreement with reports by Olcott

This finding is in

(194$), Heywang et al.

(1952)

and Kupperman and Karon (1955) who reported a loss of gossypol
from mixed diets and from cottonseed meal.

Gossypol supplied

in cottonseed meal appeared to be more stable than gossypol
supplied in the acetic acid form.

Binding of gossypol acetic

acid in the ration occurred; however, excretion data would
indicate a release of this bound gossypol during digestive
processes.

Therefore, total gossypol, in gossypol acetic
66
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acid trials,

should be considered the same as free gossypol.

No data to indicate a release of bound gossypol when supplied
in cottonseed meal was evident.

Complexing of iron and gos

sypol did not appear to occur during mixing or storage of the
feed.
Increasing the level of dietary gossypol from zero to
600 ppm (0.08%) at increments of 200 ppm (0.02$) resulted
in a reduction in weight gain with each increase of dietary
gossypol.

Similar observations were noted by Heywang and

Bird (1955) who found that increasing the level of gossypol
above 0.016$ resulted in decreased weight gains of chicks.
The greatest reduction in weight gain occurred when cottonseed
meal was used to supply gossypol.
sible for this finding,

Two factors may be respon

(l) changes in amino acid template

due to varying amounts of cottonseed meal to achieve the
desired levels of gossypol and (2) larger amounts of gossypol
present as a result of less disappearance of gossypol when
supplied as cottonseed meal.

It is not possible in these

studies to separate the effect of these two factors.
In all trials, addition of iron to rations containing
gossypol resulted in a significant improvement in weight gain.
That iron is effective in at least partially preventing
gossypol toxicity was first reported by Withers and Brewster
(1913).

Many authors have made similar observations since

that time and the data presented here is in complete agreement
with these reports.

For rations containing gossypol acetic

acid, no improvement in weight gain was noted as a result of
increasing the iron:gossypol molar ratio above 1:1 iron:added
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gossypol.

These data are not interpreted to support a 1:1

combining ratio of iron and gossypol as presented by Jonassen
and Demint (1955)-

Gossypol disappeared from the ration and

a 1:1 molar ratio was not fed throughout the trial.

The

lowest ratio actually fed, based on the average total gossypol
level during the trial, was 1.7:1 iron:total gossypol.

Data

presented would indicate no significant improvement in weight
gain would result if the irontgossypol molar ratio were increased
above 1.7:1 with gossypol acetic acid supplying the gossypol.
When gossypol was supplied from cottonseed meal, increasing
the iron:free gossypol molar ratio from 4:1 to 8:1 resulted
in an improvement in weight gain.
Feed containing gossypol acetic acid at levels above
200 ppm (0.02%) resulted in an increased feed conversion with
no real differences between 400, 600 or 800 ppm (0.04, 0.06
and 0.08%, respectively).

Addition of iron to the ration

and increasing the iron:gossypol molar ratio from 1:1 to
12:1 had no effect on feed conversion.
When cottonseed meal rations were fed, poorer feed con
version was noted with each increase of dietary gossypol.
Changes in amino acid template may have been at least partially
responsible for this observation.

The addition of iron and

increasing the molar ratio from 4 ;1 to 8:1 resulted in an
improvement in feed conversion.
Total excreta samples were collected and analyzed for
gossypol content.

Chemical analysis for free and total gos

sypol were conducted.

Bound gossypol was determined by

subtraction of free gossypol from total gossypol.

Increasing
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dietary gossypol acetic acid levels resulted in a significant
reduction in free gossypol excretion per gram total gossypol
consumed.

Apparently increased gossypol absorption occurs

as the concentration of gossypol (in relation to other dietary
components) increases in the digestive tract.
The addition of iron to rations containing gossypol
acetic acid resulted in a significant reduction in free
gossypol excreted and a significant increase in bound gossypol
excretion per gram of total gossypol consumed.
vations were made by Swensen et al.

Similar obser

(1942) who reported that

39-2% and 91+.0 % of the total gossypol consumed was present in
the feces when the diet contained 0 and 0.5% levels of ferric
chloride, respectively.

These data would demonstrate conclu

sively that iron reduces gossypol toxicity by combination
with gossypol to form an insoluble bound gossypol complex.
Increasing the i r o n :gossypol molar ratio from 1:1 to f:l re
sulted in a reduction in free gossypol excretion per gram
total gossypol consumed.

No further increase in free gossypol

excretion was obtained by increasing the ratio to 12:1 iron:
gossypol.
Excreta samples from birds fed cottonseed meal revealed
no changes in free, total or bound gossypol excretion as a
result of increasing gossypol levels.

The addition of iron

to the ration resulted in a significant reduction in free
gossypol excretion and a significant increase in bound gossypol
excretion per gram free or bound gossypol consumed.

Increas

ing the i r o n :gossypol ratio from l+:l to 3:1 also resulted in
less free gossypol excretion per gram consumed.

An increase
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in total gossypol excretion as a result of increasing bound
gossypol excretion was noted when the i r o n :gossypol ratio
was increased from 3:1 to 12:1.
excretion was observed.

No change in free gossypol

This finding would occur only as a

result of decreased gossypol absorption.

As no increase in

weight gain or feed conversion occurred as a result of
increasing the i r o n :gossypol ratio from 3:1 to 12:1 the
amount of gossypol absorbed at the 3:1 ratio must have been
below the toxic level.

These data would indicate molar ratios

of 3:1 are adequate for gossypol inactivation in cottonseed
meal rations although further complexing of iron and gossypol
can be obtained by increasing the ratio to 12:1.

CONCLUSIONS
From the data presented the following conclusions seem
warranted:
(1)

Inclusion of iron in the ration at levels of
2000 ppm or less had no effect on weight gain
or percent bone ash.

Levels above 500 ppm

resulted in an increase in feed conversion.
(2)

A loss of gossypol from the rations was observed.
The greatest loss occurred during or immediately
after mixing of the rations.

Gossypol supplied

from cottonseed meal appeared to be more stable
than gossypol added in the acetic acid form.
(3)

Addition of gossypol to the ration and increasing
the dietary level to G00 ppm at increments of
200 ppm resulted in a reduction in weight gain
with each increase of dietary gossypol.

(4)

Addition of iron to rations containing gossypol
resulted in increased weight gains, decreased
free gossypol excretion, and increased bound
and total gossypol excretion.

(5)

Increasing gossypol acetic acid levels above
200 ppm resulted in an increased feed conversion.

(6)

When supplied from cottonseed meal, each increase
of gossypol resulted in a poorer feed conversion.
This may have been due to increasing levels of
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gossypol or to changes in amino acid template.
(7)

For rations containing gossypol acetic acid, a
molar ratio of iron:gossypol of 4 ;1 yielded
maximum gossypol inactivation.

(3)

For rations containing cottonseed meal, a molar
ratio of i r o n :gossypol of 3:1 was required for
maximum gossypol inactivation.
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